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Introduction
This proposal is to evaluate the role of the hedgehog pathway in prostate cancer in clinical specimens, and to
identify the molecular basis of hedgehog mediated tumor formation using cultured cell lines.

Body

Good progress has been made on this project. We have one manuscript published and another manuscript in
preparation. Specifically, we have demonstrated that the hedgehog signaling pathway is frequently activated in
advanced prostate cancer (Molecular Cancer 3: 29, 2004, see Appendix for details). This significant discovery
led to two news releases (see Appendices 2 and 3 for details). In addition, an invited review on this research
area was generated during this process.

Task 1: Examine activation of hedgehog signaling activation in prostate cancer

We have successfully collected over 200 prostate cancer specimens last year. Fifty five of them are TURP
(transurethral resection of the prostate) specimens, and the rest are from prostatectomy of patients with different
stages of prostate cancer. We mainly focused on these 55 TURP specimens in our studies because of the
following reasons. First, prostatectomy specimens are heterogeneous, with variations within a paraffin block. In
contrast, TURP specimens are relatively homogeneous in tumor morphology. Second, TURP specimens can be
used for other analyses such as real-time PCR and Western blotting.

Through examination of these 55 TURP specimens using specific antibodies, we found that 27 specimens
contain activated hedgehog signaling (see Table 1 below), 11 tumors with no detectable Su(Fu). In addition, we
discovered that Shh expression was elevated in 28 specimens (see Table 1 for details).

Figure 1 shows immunohistostaining of PTCHI in two tumors. One tumor had no expression of PTCHI (Fig.
la) whereas the other with a high level of PTCHI (Fig. 1b). The staining was specific to the PTCHI peptide
from which the antibodies were made (Fig. 1c) because no positive signals were seen in the presence of excess
of the PTCH1 peptide.

Table 1 Summary of protein expression in prostate cancer specimens

Tumor grade

Gleason 3-6 (18) 4/18 Gleason 7 (15) 7/15 Gleason 8-10 (22) 16/22
18 -4 4 10 13 7 7 4 13 16 16 14
Su(Fu) | PTCH1 | HIP Shh Su(Fu) | PTCH1 | HIP Shh Su(Fu) |PTCH1 | HIP Shh
Positive | Positive | positive | positive | Positive | Positive | positive | positive | Positive | Positive | positive | positive
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Fig.1 Detection of PTCHI in prostate cancers PTCHI protein expression was detected by immunohistochemistry PTCH]1 specific
antibodies (Santa Cruz Biotechnology Inc Cat# 6149; 1:50 dilution).
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To confirm the data from PTCHI, we examined expression of another hedgehog target gene, HIP (hedgehog-
interacting protein) in these prostate cancer specimens. We found that HIP was highly expressed in tumors with
PTCHI expression (see Table 1), and the pattern of HIP expression is very similar to that of PSA (prostate
specific antigen), a sensitive marker for early prostate cancer. Thus, it appears that hedgehog signaling is
frequently activated in prostate cancer.

", Fg.2 Deection of HIP expressionin prostabe ¢ and ers
P.tg;l b8 Expressia of HIP, mother hedgehog target gene and a
ol comporunt of hedgehog sighaling pathowray, was detected
}, P using HIP specific antibodies (R&D systems , Cat¥ AF1568;
WA# 1:50 dihation). The pattem of HIP expression was similar
PSA tothatof PSA 4 serommark er for prostate cancer.

In these specimens (n=55), expression of hedgehog target genes, PTCH1 and HIP, occur only in the tumor, not
in the adjacent normal prostate tissues or in the stroma (data not shown here), indicating that hedgehog
signaling is mainly activated in the tumor.

Further analysis indicates that hedgehog signaling is more frequently activated in tumors with high Gleason
scores (see Table 1). In tumors with Gleason scores 3-6, four out of eighteen (22.2%) tumors had activated
hedgehog signaling. Seven of fifteen tumors (46.7%) with Gleason scores 7 had elevated hedgehog signaling
while sixteen out of twenty two (72.7%) tumors with Gleason scores 8-10 had hedgehog signaling activation.
Statistic analysis using Binomial Proportions showed that the difference between tumors with Gleason scores 3-
6 and tumors with Gleason scores 8-10 are significant (p value= 0.00148 below 0.05). These data indicate
hedgehog signaling activation is associated with prostate cancer progression.

Expression of Su(Fu) and sonic hedgehog in prostate cancer

Next we evaluate expression of Su(Fu) and sonic hedgehog in these prostate cancer specimens. Using
antibodies specific to Su(Fu) (Santa Cruz Biotechnology Inc. Cat# 10933, 1:40 dilution), we detected Su(Fu) in
all 18 prostate cancer specimens with low Gleason scores (Table 1). However, we only found Su(Fu) expression
in 26 of 37 tumors with Gleason scores 7-10 (Table 1). The differences were significant (P value < 0.05, using
Binomial Proportions analysis). Loss of detectable Su(Fu) was correlated with elevated expression of PTCHI
and HIP proteins, suggesting that Su(Fu) loss may be responsible for hedgehog signaling activation in these

tumors.

PSA in prostate cancer Expression of
PTCHI, Shh and PSA was detected by
expression patterns of PTCH1 and Shh
were compared with that of PSA, a
marker for prostate cancer. PC23 had
no detecatble expression of PTCHI and
Shh whereas PC38 has clevated
expression of PTCH1, Shh and HIP.
Positive signals were in brown.
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Fig. 4 Detection of Su(Fu) in prostate
cancer specimens Su(Fu) antibodics
(Santa Cruz Biotechnology Cat# 10933)
recognized only one single band (54-Kd)
* in D283 cells (A). Following treatment

of a specific SIRNA of Su(Fu), the
endogenous Su(Fu) band was greatly
reduced (B). Immunohistostaining with
Su(Fu) antibodies in prostate cancer
specimens revealed positive (C, in red,
200x), negative (D, 200x) or weak
staining (E, red, 200x).
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These data indicate that activation of the hedgehog pathway is quite common in prostate cancer. Tumors with
activated hedgehog signaling either over-express the positive regulator Shh, or lack protein expression of the
negative regulator Su(Fu).

Mutation analysis of Su(Fu) in prostate cancer

To confirm the immunohistochemistry data, we performed immunoblotting analyses using several dissected
TURP (Transurethral resection of the prostate) specimens in which tumor portion can be as high as 70% of the
tissue mass. As shown in Fig. 5A, two tumors (PC48 and PC51) had no detectable Su(Fu) protein, which are
consistent with our immunohistostaining. The matched normal tissues, however, retained expression of Su(Fu),
indicating that alteration of Su(Fu) is a somatic event. Sequence analyses of these two tumors revealed genetic
mutations in Su(Fu), which are predicted to create STOP codons in the coding sequence (Fig. 5B). In PC48, a
homozygous deletion of A1315 was detected, which results in a STOP codon at +1318 bp (Fig. 5B). In PC51,
we detected two types of mutations, one with a deletion of C255, which results in a STOP codon at +294 bp
whereas another with a deletion of C198, create a STOP codon (Picture not shown here, see Table 1). These
mutations were confirmed with 6 independent clones from two separate experiments, which exclude the
possibility of PCR errors. No mutations were detected from the matched benign tissues, indicating the somatic
nature of the mutations. Real-time PCR analyses indicated that target genes of the hedgehog pathway, PTCH|1
and Glil, were all elevated in these tumors (Fig. 5C), confirming activation of the hedgehog pathway in these
tumors. Thus, Su(Fu) inactivation appears to contribute to activation of hedgehog signaling in these prostate
tumors.

SA Su(Fu) protein 58 Mutation of Su(Fu) in PC48
f j f \;j‘l 4.,"';& ACY "r]:' TTT GTA GAG ARA A
Ff e Fé pommmaum
S-St Sy i
e * Mutant Su(Fu) Fig. § Inactivation of Su(Fu) in prostate cancer.
sC NS A, Gha S35 10 AR WA Two TURP specimens were examined for Su(Fu)
g #1 ﬁ—"—”—n—: protein by immunoblotting. Consistent with loss of
g 4 Su(Fu) in the tissue, we did not detect Su(Fu) protein
in these two tumors (PC48 and PC51 (SA). Further
= 21 analysis revealed mutations of Su(Fu) in the tumor
SE 18- (PC48, 5B), which created a STOP codon in Su(Fu).
1 We further found that tumor with mutant Su(Fu) had
g o - high levels of hedgehog target genes, PTCH1 and
E || ’m| o s Glil (SC), indicatiing that hedgehog signaling is
= PTCH1 activated.




These data provide strong evidence that hedgehog signaling activation occurs in prostate cancer, through loss
of Su(Fu) or over-expression of Shh.

Task 2:

Inhibition of hedgehog signaling for cell growth and cell invasiveness

Identification of Shh over-expression was unexpected in the proposal. Because of the availability of hedgehog
signaling inhibitor, cyclopamine, the effects of hedgehog signaling activation on cell proliferation and
invasiveness was demonstrated in several prostate cancer cell lines, in which Shh is over-expressed. In the
presence of hedgehog signaling inhibitor, cyclopamine, both cell proliferation and cell invasiveness was
dramatically reduced, indicating that the hedgehog pathway is required for both cell proliferation and cell
invasiveness of prostate cancer cells.

Following treatment with 5 uM cyclopamine in PC3 cells, expression of hedgehog target genes were
dramatically inhibited (data not shown here), which was accompanied with a significant reduction of BrdU
positive cells (see Fig. 6B for details). This effect is specific because addition of tomatidine, a non specific
compound with a similar structure to cyclopamine, had no effects on either target gene expression or DNA
synthesis (indicated by BrdU labeling in Fig. 6B and 6C). The prostate epithelial RWPE-1 cells which have no
activated hedgehog signaling, on the other hand, were not sensitive to cyclopamine (data not shown here),
indicating that cyclopamine specifically affects cells with elevated hedgehog signaling. LN-CAP, Dul45 and
TSU cells, like PC3 cells were also sensitive to cyclopamine treatment (Fig. 6C).

Prostate cancer progression is accompanied by increased cell invasiveness. Because the hedgehog signaling
activation occurs frequently in advanced prostate cancer, we examined if inhibition of the hedgehog signaling
can reduce cell invasiveness. Using BD Bio-coat cell invasion chambers, we found that treatment of
cyclopamine in PC3 cells reduced the percentage of invasive cells by 70% (Fig. 7A). Similar data were also
observed in Dul45, LN-CAP and TSU cells (Fig. 7B). Under the same condition, RWPE-1 cells were not very
invasive. Thus, hedgehog signaling activation regulates both cell proliferation as well as cell invasiveness of
prostate cancer cells.
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v 2 DNA synthesis was detected by BrdU labeling (A).
E © Over 1000 cells were counted under fluorescent
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The role of Su(Fu) on cell proliferation

On the other hand, the only cancer cell line with no detectable expression of Su(Fu) is a lung cancer cell line.
We have demonstrated that re-expression of Su(Fu) slowed cell growth of this cell line, and reduced the
percentage of S phase cell population (see Fig. 1). We are planning to establish inducible expression of Su(Fu)
in this cell line to understand molecular details of hedgehog signaling activation triggered by loss of Su(Fu).
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20
H460)
D341

H

Su(Fu)

‘IH?I
gt
N

! I'_:-'.'I', '_ 209. u)

fow domy My Mw ey oy Maw B bem

CMA arart

) DA cartmg
Fig. 7 Effects of Su(Fu) on DNA synthesis and cell growth of H209 cells. Of 30 cell lines screened, only one lung cancer cell line,

H209, was shown to lack Su(Fu) protein expression by Western blotting (left). Stable expression of Su(Fu) leads to reduced cell
growth (middle). In consistence with cell growth, Su(Fu) reduced the percentage of S phase cell population (right).

Because prostate cancer cell lines without Su(Fu) expression are not available, this part of the study has been
slower than expected. Currently, we are trying to inactivate Su(Fu) in a normal prostate epithelial cell line,
RWPE-1, using inducible expression of SiRNA. Our expectation is that loss of Su(Fu) in this cell line may lead
to aggressive cell growth, and possibly tumor formation in nude mice.

Task 3: Currently, we are still trying to establish mice with Nkx3.1-/- ; Ptch1+/- mice. Hopefully, we can get
some progress in the next few months. We will report the progress next year.

Key Research Accomplishments

With support from DOD, we have demonstrated that activation of the hedgehog pathway occurs in advanced
and metastatic prostate cancers (Molecular Cancer 3: 29, 2004).Two other independent groups have also shown
similar results (Nature 431: 707, 2004; PNAS 101: 12561, 2004). These findings indicate that inhibition of
hedgehog signaling may be an effective approach in future treatments of prostate cancer.

Reportable outcomes
One research paper (Molecular Cancer 3: 29, 2004), one review paper and two news releases.

Conclusion
We have demonstrated that hedgehog pathway activation occurs frequently in advanced prostate cancer.
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Abstract

Background: The hedgehog pathway plays a critical role in the development of prostate.
However, the role of the hedgehog pathway in prostate cancer is not clear. Prostate cancer is the
second most prevalent cause of cancer death in American men. Therefore, identification of novel
therapeutic targets for prostate cancer has significant clinical implications.

Results: Here we report that activation of the hedgehog pathway occurs frequently in advanced
human prostate cancer. We find that high levels of hedgehog target genes, PTCHI and hedgehog-
interacting protein (HIP), are detected in over 70% of prostate tumors with Gleason scores 8-10,
butin only 22% of tumors with Gleason scores 3—6. Furthermore, four available metastatic tumors
all have high expression of PTCH| and HIP. To identify the mechanism of the hedgehog signaling
activation, we examine expression of Su(Fu) protein, a negative regulator of the hedgehog pathway.
We find that Su(Fu) protein is undetectable in |1 of 27 PTCHI positive tumors, two of them
contain somatic loss-of-function mutations of Su(Fu). Furthermore, expression of sonic hedgehog
protein is detected in majority of PTCH| positive tumors (24 out of 27). High levels of hedgehog
target genes are also detected in four prostate cancer cell lines (TSU, DU145, LN-Cap and PC3).
We demonstrate that inhibition of hedgehog signaling by smoothened antagonist, cyclopamine,
suppresses hedgehog signaling, down-regulates cell invasiveness and induces apoptosis. In addition,
cancer cells expressing Glil under the CMV promoter are resistant to cyclopamine-mediated
apoptosis. All these data suggest a significant role of the hedgehog pathway for cellular functions of
prostate cancer cells.

Conclusion: Our data indicate that activation of the hedgehog pathway, through loss of Su(Fu) or
overexpression of sonic hedgehog, may involve tumor progression and metastases of prostate
cancer. Thus, targeted inhibition of hedgehog signaling may have significant implications of prostate
cancer therapeutics.

Page 1 of 13
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Background

The hedgehog (Hh) pathway plays a critical role in embry-
onic development and tissue polarity [1]. Secreted Hh
molecules bind to the receptor patched (PTC-PTCHI,
PTCH2), thereby alleviating PTC-mediated suppression of
smoothened (SMO), a putative seven-transmembrane pro-
tein. SMO signaling triggers a cascade of intracellular
events, leading to activation of the pathway through GLI-
dependent transcription [2]. The hedgehog receptor
PTCH1 is also a target gene of this pathway, which forms
a negative feedback mechanism to maintain the pathway
activity at an appropriate level in a given cell. Activation of
Hh signaling through loss-of-function somatic mutations
of PTCH1 in human basal cell carcinomas (BCCs) dis-
rupts this feedback regulation, leading to uncontrolled
SMO signaling. Activating mutations of SMO in BCCs, on
the other hand, are resistant to PTCH 1-mediated inhibi-
tion, leading to an outcome similar to PTCH1 inactivation
[3-6]. More recently, abnormal activation of the sonic
hedgehog pathway, through over-expression of sonic
hedgehog, has been implicated in the development of
subsets of medulloblastomas, small cell lung cancer and
gastrointestinal tract (GI) cancers [7-10].

Development of prostate requires hedgehog signaling.
Although the initial formation of prostate buds does not
require sonic hedgehog signaling (shh), shh is critical for
maintaining appropriate prostate growth, proliferation
and tissue polarity [11-14]. In the adult prostate, however,
the activity of the hedgehog pathway is quite low. It
remains to be tested whether this hedgehog pathway is
activated during development of prostate cancer, the sec-
ond most prevalent cause of cancer death in American
men. Activation of the hedgehog pathway is often indi-
cated by elevated levels of PTCH1 and HIP. In addition to
PTCHI1 mutation, SMO activation and hedgehog over-
expression, loss of Su(Fu) can result in activation of the
hedgehog pathway. In the human, the Su(Fu) gene is
localized at chromosome 10q24, a region with LOH in
several types of cancer including prostate cancer, lung can-
cer, breast cancer and medulloblastomas [15,16]. As a
negative regulator of the hedgehog pathway, Su(Fu)
inhibits the function of Gli molecules, leading to inactiva-
tion of this pathway [17-19]. Su(Fu) is also reported to
affect beta-catenin function [20]. In addition, over-expres-
sion of sonic hedgehog is shown to be involved in the
development of Gl cancers [9,10]. Here we report our
findings that activation of the hedgehog pathway occurs
frequently in advanced prostate cancers, possibly through
loss of Su(Fu) protein or over-expression of sonic
hedgehog.

http://www.molecular-cancer.com/content/3/1/29

Results

Elevated expression of hedgehog target genes in prostate

cancer specimens

As an important regulator of tissue polarity, active hedge-
hog signaling is required for ductual morphogenesis and
proliferation during prostate development [11-14]. The
adult prostate, on the other hand, does not contain active
hedgehog signaling. Because hedgehog signaling is an
important regulator for epithelial-mesenchymal interac-
tion, an event critical during prostate cancer development,
we examined whether the hedgehog-signaling pathway is
activated in prostate cancer.

Activation of hedgehog signaling causes elevated expres-
sion of target genes PTCH1 and HIP. Thus, increased pro-
tein expression of PTCH1 and HIP indicates activation of
the hedgehog pathway. Using PTCH1 antibodies [10], we
examined 59 prostate cancer samples for hedgehog sign-
aling activation (see Table 1, Additional file 1 for details).
We first tested the specificity of the PTCH1 antibodies in
MEF cells. Ptch1 null MEF cells have no active Pich1 gene,
thus should not have positive staining with PTCH1 anti-
bodies. Indeed, no staining was seen in Ptchl null MEF
cells (Fig. 1A). After transfection of PTCHI1 expressing
plasmid, transfected cells showed positive staining (Fig.
1A), indicating that the PTCH1 antibodies are specific to
PTCH1. Furthermore, PTCH1 immunohistostining was
abolished after addition of the specific peptide, from
which the antibodies were raised (Fig. 1B,1c). We found
that percentage of PTCHI1 positive staining tumors
increased in high grade tumors (Table 1, Additional file
1). In prostate cancers with Gleason scores 3-6, 4 out of
18 specimens were positive for PTCH1 (22%), whereas 16
out of 22 undifferentiated carcinomas (Gleason Scores of
8-10) expressed PTCH1 (73%, see Table 1, Additional file
1), suggesting that the hedgehog pathway is frequently
activated in advanced prostate cancer. To confirm this
data, we found that all four available metastatic prostate
cancer specimens were all positive for PTCH1 staining.

To further confirm our data, we detected HIP protein
expression, another marker of the hedgehog signaling
activation. After transfection of HIP expressing plasmid
into 293 cells, HIP antibodies recognize a single band
around 75 KD (Fig. 3A), and an endogenous HIP protein
with a similar size was also detected in two cancer tissues,
in which hedgehog signaling is known to be activated
(Fig. 3B and data not shown here). In contrast, the
matched normal tissue did not express detectable HIP.
Thus, HIP expression appears to be a good marker for
hedgehog signaling activation. Immunohistostaining
with HIP antibodies in prostate cancer specimens revealed
a similar pattern to prostate specific antigen (PSA) and
PTCH1 (Fig. 3C and Table 1, Additional file 1), further
confirming that hedgehog pathway is activated in

Page 2 of 13
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Ptch1 null MEF cells

Ptch1 null MEF cells transfected with PTCH1
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Figure |

Detection of PTCHI expression in prostate cancers. Protein expression of PTCH| was detected by immunostaining.
PTCHI antibodies (Santa Cruz Biotechnology Cat# 9149) were tested in Ptch |- null MEF cells (A). While Ptch |- null MEF cells
had no positive fluorescent staining with PTCH| antibodies, transfection of PTCH| expressing plasmid lead to positive staining
(green, indicated by an arrow, 400x). Immunochistochemistry of prostate cancer specimens with PTCH| gave negative (B-a,
200%) or positive (Red in B-b, 200%) signals. When PTCH| antibodies were pre-incubated with the very peptide for raising

the antibodies, no positive signals could be observed (B-c).

advanced prostate cancers. Thus the hedgehog pathway
appears to be frequently activated in advanced or meta-
static prostate cancers.

Altered expression of Su(Fu) and Shh in prostate cancer
specimens

There are several mechanisms by which the hedgehog
pathway in these prostate tumors can be activated, includ-
ing loss of Su(Fu) or over-expression of hedgehog [6-10].
The Su(Fu) gene is localized at 10q24, a region with a fre-
quent LOH in prostate cancer [15,16,18]. Mutations of
Su(Fu) have been reported in other human cancers [6]. To
test whether loss of Su(Fu) function is responsible for
hedgehog signaling activation, we examined expression of

Su(Fu) protein in these prostate cancer specimens. The
antibodies of Su(Fu) recognize a single band at 52-kD in
Western blotting analyses (Fig. 4A), which was reduced
following treatment with Su(Fu) SiRNA (Fig. 4B), indicat-
ing the specificity of the antibodies. Furthermore, addi-
tion of the peptide, from which the antibodies were
raised, prevented the antibody binding, further confirm-
ing the specificity of our Su(Fu) antibodies (data not
shown). Of the 16 PTCH1 positive prostate cancer speci-
mens with Gleason scores 8-10, 9 have no detectable
Su(Fu) protein (Fig. 4C,4D,4E and Table 1, Additional file
1). Intotal, 11 of 27 PTCH1 positive prostate cancer spec-
imens have no detectable Su(Fu) protein. Prostate cancers
with low Gleason scores, however, frequently have
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Figure 3

Detection of HIP in human cancer specimens. By Western blotting, HIP antibodies (R&D systems Cat# AF|1568) recog-
nized one band between 75 and |00 KD (A). Expression of endogenous HIP was detected in two Gl cancer tissues, which were
known to contain activated hedgehog signaling (data not shown here), but not in the matched normal tissue (B). Immunohisto-
staining of HIP | prostate cancer showed a similar pattern to PSA (C, 200x)

detectable Su(Fu) protein (see Table 1, Additional file 1), ~ TURP (Transurethral resection of the prostate) specimens
suggesting that loss of Su(Fu) protein may be associated  in which tumor portion can be as high as 70% of the tis-
with prostate cancer progression. sue mass. Prostatectomy specimens (most of our tumors),

however, often contain a small percentage (5-10%) of
To confirm the immunohistochemistry data, we per-  tumor tissue and are therefore not suitable for Western
formed immunoblotting analyses using several dissected  blotting or real-time PCR analyses. As shown in Fig. 5A,
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Detection of Su(Fu) in prostate cancer specimens. Su(Fu) antibodies (Santa Cruz Biotechnology Cat# 10933) recog-
nized only one single band (54-Kd) in D283 cells (A). Following treatment of a specific SiRNA of Su(Fu), the endogenous Su(Fu)
band was greatly reduced (B). Inmunohistostaining with Su(Fu) antibodies in prostate cancer specimens revealed positive (C,

in red, 200x), negative (D, 200%) or weak staining (E, red, 200x),

two tumors (PC48 and PC51) had no detectable Su(Fu)
protein, which are consistent with our immunohistostain-
ing, suggesting loss of Su(Fu) may be responsible for
hedgehog pathway activation in these tumors. The
matched normal tissues, however, retained expression of
Su(Fu), indicating that alteration of Su(Fu) is a somatic
event. Sequence analyses of these two tumors revealed
genetic mutations in Su(Fu), which are predicted to create
STOP codons in the coding sequence (Fig. 5B and Table 1,
Additional file 1). In PC48, a homozygous deletion of
A1315 was detected, which results in a STOP codon at
+1318 bp (Fig. 5B). In PC51, we detected two types of
mutations, one with a deletion of C255, which results in

a STOP codon at +294 bp whereas another with a deletion
of C198, create a STOP codon (Picture not shown here,
see Table 1, Additional file 1). These mutations were con-
firmed with 6 independent clones from two separate
experiments, which exclude the possibility of PCR errors.
No mutations were detected from the matched benign tis-
sues, indicating the somatic nature of the mutations, Real-
time PCR analyses indicated that target genes of the
hedgehog pathway, PTCH1 and Glil, were all elevated in
these tumors (Fig. 5C), confirming activation of the
hedgehog pathway in these tumors. Thus, Su(Fu) inactiva-
tion appears to contribute to activation of hedgehog sign-
aling in these prostate tumors.
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Inactivation of Su(Fu) in prostate cancer. Two TURP (Transurethral resection of the prostate) tumors with loss of
Su(Fu) expression were confirmed by Western blotting (A). One mutation of Su(Fu) found in prostate cancer PC48 is shown
in B, which is predicted to create a STOP codon in the Su(Fu) coding sequence +1318. The levels of Glil and PTCHI tran-
scripts in prostate tissues were detected by real-time PCR (see methods for details) (C). Tumor tissues had higher levels of the

target gene transcripts.

For tumors with high level of PTCH1 expression, but no
changes in Su(Fu) protein expression, we examined
expression of sonic hedgehog,. It is reported that expres-
sion of hedgehog may be responsible for hedgehog sign-
aling activation in lung cancer and GI cancers.
Immunohistostaining with sonic hedgehog antibodies
indicate that sonic hedgehog is highly expressed in 24 of
27 advanced prostate tumors with elevated expression of
PTCH1 and HIP (see Fig. 2 and Table 1, Additional file 1).
Thus, activation of the hedgehog pathway, as indicated by
elevated PTCH1 and HIP expression, is associated with
loss of Su(Fu) expression or elevated hedgehog
expression.

The role for activated hedgehog signaling for cellular
functions of prostate cancer

To demonstrate the role of hedgehog pathway in prostate
cancer, we screen five available cell lines for the expression
of Glil, PTCH1 and HIP. TSU, LNCap, Dul45 and PC3
are prostate cancer cell lines whereas RWPE-1 is a prostate
epithelial cell line. We found that the hedgehog target
genes were significantly elevated in all cancer cell lines
(Fig. 6A). Thus, we predicted that inhibition of the hedge-
hog pathway by smoothened antagonist, cyclopamine,
would suppress cell proliferation and cell invasiveness.

Following treatment with 5 uM cycloapmine in PC3 cells,
expression of hedgehog target genes were dramatically
inhibited (data not shown here), which was accompanied
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Co-expression of PTCHI, PSA and Shh in prostate cancer specimens. Inmunohistochemistry of prostate cancer
specimens with PSA was used to confirm the cancer region. Positive staining was in red. Positive staining patterns of PTCH |
and Shh antibodies (Santa Cruz Biotechnology Cat# 9024) were similar to that of PSA staining. PC23 (A-C) was from tumors
with Gleason score 7 (200x). PC38 (D-F) was a tumor from Gleason score 10 (400x) (see Table |, Additional file | for

details).

with a significant reduction of BrdU positive cells (see Fig.
6B for details). This effect is specific because addition of
tomotidine, a non specific compound with a similar struc-
ture to cycloapmine, had no effects on either target gene
expression or DNA synthesis (indicated by BrdU labeling
in Fig. 6B and 6C). The prostate epithelial RWPE-1 cells
which have no activated hedgehog signaling, on the other
hand, were not sensitive to cyclopamine (data not shown
here), indicating that cyclopamine specifically affects cells
with elevated hedgehog signaling. LN-CAP, Dul45 and
TSU cells, like PC3 cells were also sensitive to
cyclopamine treatment (Fig. 6C).

Prostate cancer progression is accompanied by increased
cell invasiveness. Because the hedgehog signaling activa-
tion occurs frequently in advanced prostate cancer, we
examined if inhibition of the hedgehog signaling can
reduce cell invasiveness. Using BD Bio-coat cell invasion
chambers, we found that treatment of cyclopamine in
PC3 cells reduced the percentage of invasive cells by 70%
(Fig. 7A). Similar data were also observed in Du145, LN-
CAP and TSU cells (Fig. 7B). Under the same condition,

RWPE-1 cells were not very invasive. Thus, hedgehog sig-
naling activation regulates both cell proliferation as well
as cell invasiveness of prostate cancer cells.

It has been shown that cyclopamine induced apoptosis in
cancer cells with activated hedgehog signaling [21]. We
have shown that Glil down-regulation is necessary for
cyclopamine-mediated apoptosis in basal cell carcinoma
cells [21]. To test the significant role of Gli1, the down-
stream effector and the target gene of the hedgehog path-
way, in cyclopamine-mediated apoptosis, we first trans-
fected Clil expressing plasmid in to PC3 cells, and then
treated the cells with 5 uM cyclopamine for 36 h. Since
Gli1 is expressed under the control of the CMV promoter,
we predicted that ectopic Glil-expressing cells should be
resistant to apoptosis, which is detected by TUNEL stain-
ing. As shown in Fig. 8, we found that all Gli1 positive
cells (n = 500) were TUNEL negative, supporting our
hypothesis that down-regulation of Glil may be an
important mechanism by which cyclopamine mediates
apoptosis in prostate cancer cells with activated hedgehog
signaling.
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Figure 6

Cellular functions of the hedgehog pathway in prostate cancer cells. Expression of hedgehog target genes, PTCH|
and Glil, were detected by real-time PCR (A). DNA synthesis was detected by BrdU labeling (B). Over 1000 cells were
counted under fluorescent microscope for the percentage of BrdU positive cells, and the experiment was repeated twice (C).

All these data indicate that the hedgehog pathway is acti-
vated in advanced prostate cancers, as indicated by high
expression of PTCH1 and HIP. Our results also indicate
that hedgehog signaling is required for cell proliferation
and cell invasion of prostate cancer cells. Thus, targeted
inhibition of the hedgehog pathway may be effective in
future prostate cancer therapeutics.

Discussion

Hedgehog signaling pathway regulates cell proliferation,
tissue polarity and cell differentiation during normal
development. Abnormal signaling of this pathway has
been reported in a variety of human cancers, including
basal cell carcinomas, medulloblastomas, small cell lung
cancer and GI cancers [3,4,6-10,22,23]. Our findings in

this report indicate a role of the sonic hedgehog pathway
in prostate cancer. We detected a high expression of
hedgehog target genes, PTCH1 and HIP, in advanced or
metastatic prostate cancers. In contrast, only 22% of pros-
tate tumors with Gleason scores 3-6 have elevated expres-
sion of PTCH1 and HIP. While our manuscript is being
reviewed, three independent groups have recently
reported similar results [24-26]. Thus, the hedgehog sign-
aling pathway is frequently activated in advanced or met-
astatic prostate cancers.

Alterations of genes in the hedgehog pathway in prostate
cancer

In our studies, we found that some prostate tumors had
no detectable Su(Fu) protein expression while others
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Figure 7

Effects of cyclopamine on cell invasiveness of prostate cancer cells. Cell invasion assay of prostate cancer cells was
performed using BD Bio-coat cell invasion chambers (A). The rate of cell invasion was calculated by dividing cell numbers pen-
etrated the matrigels by the number of cell in the control chambers (without matrigels) (B).

contained high levels of Shh protein expression. We fur-
ther identified inactivated mutations of Su(Fu) in two
prostate cancers. In addition to inactivated mutations in
the coding region, Su(Fu) may be inactivated through

promoter methylation. The heterogeneous nature of pros-
tate cancer makes it difficult to screen prostate cancer
specimens for Su(Fu) mutations since the tumor content
is often less than 5% of the specimens. Future improve-
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Figure 8
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TUNEL ASSAY

Cyclopamine induces apoptosis in prostate cancer cells. Cyclopamine-mediated apoptosis in prostate cancer cells was
analyzed by TUNEL assay. TUNEL positive cells were indicated by arrowheads. Cells with expression of Glil under the CMV
promoter (indicated by the arrows) did not undergo apoptosis (n = 500).

ment can be achieved using microdissection techniques
for collecting pure population of tumor cells in gene
mutation analysis.

Since all available prostate cancer cell lines express Su(Fu)
at a high level, the role of Su(Fu) on cellular functions of
prostate cancer cannot be investigated in these cells. It
appears that over-expression of sonic hedgehog may be
responsible for hedgehog signaling activation in these cell
lines [our unpublished data and [24-26]]. After screening
over 30 human cancer cell lines, we identified non-pros-
tate cancer cell line with elevated hedgehog target genes
and no detectable Su(Fu) expression (data not shown
here). The growth suppression effects of Su(Fu) was dem-
onstrated in this cell line, in which Su(Fu) expression
down-regulated hedgehog target genes, inhibited DNA
synthesis and cell growth (data not shown here). Thus,
inactivation of Su(Fu) can contribute to active hedgehog
signaling in prostate cancer.

Su(Fu) is reported to affect B-catenin signaling [27,28].
We analyzed expression of B-catenin and E-cadherin in
our prostate cancer array and detected cytoplasmic distri-
bution of E-cadherin and B-catenin only in PC51 (data
not shown), indicating that Su(Fu) may be able to affect
both the wnt pathway and the hedgehog pathway in pros-
tate cancer.

In addition to Su(Fu) inactivation, over-expression of Shh
is another mechanism by which the hedgehog pathway is
activated in cancer |7-10]. We noticed that sonic
hedgehog expression varies from tumor to tumor, which
may be resulted from the heterogeneity of prostate cancer
Our immunohistostaining also revealed that three tumors
(PC14, PC20 and PC36) expressed PTCH1 and HIP at
high levels, but had no alterations of Shh and Su(Fu). This
could be due to elevated expression of indian hedgehog,
or even alterations of other components of the pathway
(such as Rab23 or Fused).
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Once hedgehog pathway is activated, the target gene
expression will be up-regulated. Thus, analysis of target
gene expression using immunohistochemistry will be an
effective way to detect hedgehog pathway activation in
prostate cancer. Currently, PTCH1, Glil and HIP are good
markers for the hedgehog pathway.

Perspectives on prostate cancer therapy

Our findings not only provide novel basic understanding
of prostate cancer, but also allow us to design new ways to
treat prostate cancer. With a specific SMO antagonist,
cyclopamine, it will be possible in the future to treat pros-
tate cancers, which have over-expressed sonic hedgehog.
However, as a downstream molecule, tumors with Su(Fu)
inactivation may not respond to cyclopamine treatment.
Therefore, additional small molecule inhibitors appear to
be necessary to treat Su(Fu) inactivated prostate cancer.
One possibility is to use Glil SiRNA since we have indi-
cated that down-regulation of Glil may be an important
mechanism by which inhibition of the hedgehog pathway
by cyclopamine induces apoptosis (Fig. 8). Sanchez et al
also indicated that Glil SiRNA down-regulated DNA syn-
thesis in prostate cancer cells [24].

Conclusion

Taken together, our findings suggest that activation of the
hedgehog pathway involves prostate cancer progression.
There might be several mechanisms by which the hedge-
hog pathway is activated in advanced prostate cancers,
including loss of Su(Fu) protein expression, over-expres-
sion of sonic hedgehog or other alterations. We demon-
strate that activation of the hedgehog pathway is
associated with DNA synthesis and cell invasiveness in
prostate cancer cells. Inhibition of the hedgehog pathway,
on the other hand, causes apoptosis possibly through
down-regulation of Glil. Our studies predict that targeted
inhibition of the hedgehog pathway may be an effective
way to prevent prostate cancer progression.

Materials and methods

Tissue Microarray of Prostate Cancer

A total of 55 paraffin-embedded tissue blocks from
patients with prostate cancer were obtained from UTMB
Surgical pathology with approval from the Institutional
Review Board (IRB). Pathological reports, H#E staining of
each specimen were reviewed to determine the nature of
the disease and the Gleason scores. Of 55 specimens, 18
were from tumors with Gleason scores 3-6, 15 with
Gleason score 7 and 22 with Gleason scores 8-10. The
tumor area was first identified before tissue microarray
(1.5 mm in diameter for specimens) was assembled with
Beecher's Tissue arrayer-1* according to manufacturer's

instruction http://www .beecherinstruments.com.

http://www.molecular-cancer.com/content/3/1/29

Immunohistochemistry and Western blotting

A standard avidin-biotin immunostaining technique was
performed using a kit from Vector laboratories using spe-
cific antibodies to Su(Fu) (Santa Cruz Biotechnology Cat#
10933), PTCH1 (Santa Cruz Biotechnology Cat# 6149),
HIP (R&D systems Cat# AF1568) and Shh (Santa Cruz
Biotechnology Cat# 9024) and PSA (Vector laboratories).
Positive staining was in red or brown. The specificity of
antibodies was tested using the very peptide used for rais-
ing the antibodies, which abolished the specific staining.
Hematoxylin was used for counterstaining (in blue).
Protein was analyzed by Western analysis with appropri-
ate antibodies [Su(Fu) antibodies were from Santa Cruz,
beta-actin antibody was purchased from Sigma). The sig-
nals were visualized with the enhanced chemilumines-
cence detection system (Amersham).

Cell lines and Cell invasion assay

Cell lines (RWPE-1, Dul45, PC3, LN-CAP were purchase
from ATCC and cultured according to the suggested
conditions. TSU was kindly provided by Dr. Allen Gao.
Cell invasion assay was performed with BD Bio-coat cell
invasion chambers according to manufacturer's instruc-
tion (BD Bioscience, Inc., Franklin Lakes, NJ), with tripli-
cates for each sample and the experiment was repeated
three times with the similar results. Cell were treated with
5 uM cyclopamine (or tomatidine) before (for 12 h) and
during cell invasion assay (for 24 h). The rate of cell inva-
sion was calculated by dividing cell numbers penetrated
the matrigels by the number of cell in the control cham-
bers (without matrigels).

RT-PCR and sequencing analysis

Total RNA was isolated using Trizol® reagent (Invitrogen),
and RT-PCR was performed using Promega's RT-PCR sys-
tem according to the manufacturer's protocol. Two pairs
of Su(Fu) primers were used (the first set with the forward
primer 5'-cctacgcaccccgatggeg-3" and the reverse primer
5'-agccaaaaccactaccteca-3'; the second set with the forward
primer 5'-tccaggttaccgctategte-3' ad the reverse primer 5'-
tagtgtagcggactgtcg-3'). PCR products were first purified
using Qiagen's Gel Extraction Kit. Due to existence of pos-
sible Su(Fu) splicing isoforms in humans, Su(Fu) genetic
mutations were screened after the PCR products were
cloned into TOPO* TA cloning vectors (Invitrogen). Sev-
eral independent clones (from three experiments) of each
PCR product were selected for sequencing analysis in
UTMB sequencing facility. All mutations were confirmed
by at least six independent clones.

Real-time PCR We used Applied Biosystems' assays-by-
demand 20x assay mix of primers and TagMan probes
(FAM™ dye-labeled) for the target genes (human Gli and
PTCHI1, the sequences have been patented by Applied
Biosystems, Foster City, CA) and pre-developed 18S rRNA
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(VIC™-dye labled probe) TagMan® assay reagent (P/N
4319413E) for an internal control. The primers are
designed to span exon-exon junctions so as not to detect
genomic DNA and the primers and probe sequences were
searched against the Celera database to confirm specifi-
city. To obtain the relative quantitation of gene expres-
sion, a validation experiment was performed to test the
efficiency of the target amplification and the efficiency of
the reference amplification. All absolute values of the
slope of log input amount vs. AC; were <0.1. Separate
tubes (singleplex) one-step RT-PCR was performed with
20 ng RNA for both target genes and endogenous control.
The reagent we used was TagMan one-step RT-PCR master
mix reagent kit (P/N 4309169). The cycling parameters
for one-step RT-PCR was: reverse transcription 48°C for
30 min, AmpliTaq activation 95°C for 10 min, denatura-
tion 95°C for 15 sec and annealing/extension 60°C for 1
min (repeat 40 times) on ABI7000. Triplicate C; values
were analyzed in Microsoft Excel using the comparative
Ci(AAC;) method as described by the manufac-
turer(Applied Biosystems, Foster City, CA). The amount
of target (2-3ACT) was obtained by normalization to an
endogenous reference (18sRNA) and relative to a
calibrator.

BrdU labeling and TUNEL assay

BrdU labeling was performed using an in situ cell prolifer-
ation kit (Roche Molecular Biochemicals) [22]. Cells were
treated with 5uM cyclopamine (or tomatidine) for 12 h
before BrdU labeling (1 h at 37°C). The percentage of
BrdU positive cells was obtained by counting over 1000
cells under microscope, and the experiment was repeated
twice with similar results. TUNEL assay was performed
using an in situ cell death kit (Roche Molecular Biochem-
icals) [21,29]. Cells were treated with 5 uM cyclopamine
(or tomatidine) for 36 h before TUNEL assay).

List of abbreviations

PSA - prostate specific antigen; HIP - hedgehog-interact-
ing protein; Su(Fu) - suppressor of fused; PTCH1 -
human homologue of patched 1; Shh - sonic hedgehog;
SMO - smoothened, BCC - basal cell carcinoma.
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Plant-derived compound may treat and prevent the most common human
cancer

GALVESTON, Texas—Researchers at the University of Texas Medical Branch at
Galveston (UTMB) have demonstrated in laboratory animals that a compound
derived from a common plant can be used to treat and prevent the most widespread
form of cancer in people—the first such therapy to succeed in an experimental
animal and one that may lead to therapies in people for this and other frequently
encountered cancers.

The scientists report in the Oct. 15, 2004, issue of Cancer Research that oral
administration of cyclopamine dramatically reduced tumor development in mice
genetically engineered to be prone to the skin cancer known as basal cell carcinoma
(BCC) when exposed to ultraviolet light. Cyclopamine is derived from the corn lily,
a weed-like plant that grows in mountain meadows in the western United States.

The most common of all human cancers, BCC afflicts 800,000 Americans each
year, according to the Skin Cancer Foundation. One of every three new cancers is a
skin cancer, it says, and the vast majority are basal cell carcinomas.

“We showed 90 percent fewer microscopic BCC tumors after treating with
cyclopamine, and 50 percent fewer visible tumors,” said the study’s lead author,
Jingwu Xie, an assistant professor of pharmacology and toxicology at UTMB and
scientist in the university’s Sealy Center for Cancer Cell Biology. “Based on the
microscopic tumor results, we see a potential to prevent new tumors from
developing, while the visible tumor reduction shows us that this can be used for
treatment. And since there’s no noticeable toxicity to mice, this therapy has great
clinical promise.”

Because cyclopamine kills tumor cells by breaking only a single link in the chain of
biochemical reactions leading to cancer— known to scientists as the “hedgehog
pathway™— it should have far fewer side effects than more traditional
chemotherapies, Xie said. (“Hedgehog™ is a signaling protein important to animal
growth and development that takes its name from the spiky appearance of fruit flies
that lack the gene to produce it.) The hedgehog pathway has also been implicated in
prostate cancer, brain tumors, lung cancer and some types of breast cancer, leading
Xie and other researchers to believe that a compound like cyclopamine that shuts
down hedgehog could serve as a weapon against many different kinds of cancer. (A
paper by Xie examining the role of the hedgehog pathway in prostate cancer and
describing the ability of cyclopamine to kill prostate cancer cells in test-tube
experiments appeared this week in the online journal Molecular Cancer and can be
found at http://www.molecular-cancer.com/home/.)

According to Xie, cyclopamine’s safety and effectiveness against BCC tumors when
given orally boost hopes that it could find wider clinical applications. “We used
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drinking water to deliver the drug to the mice, and from drinking water to the
circulatory system to the skin there are a lot of barriers,” Xie said. “If you can treat
skin tumors with an orally administered drug, you should be able to treat other kinds

of tumor, too — gastrointestinal tumors, prostate cancers, lung cancers and some
breast cancers.”

The UTMB team collaborated on the research with scientists from Columbia
University, the National Cancer Institute in Bethesda, Md., the University of
California at San Francisco and the University of Texas Health Science Center at
Houston .The paper, “Inhibition of Smoothened Signaling Prevents Ultraviolet B-
induced Basal Cell Carcinomas through Regulation of Fas Expression and
Apoptosis,” can be found online starting Oct. 15 at
http://cancerres.aacrjournals.org/.

-UTMB Newsroom-

Search | Directory | News | Contact
UT System | Reports to the State | Compact With Texans | Statewide Search

This site is maintained by UTMB's Office of Public Affairs.
Copyright © 2003 The University of Texas Medical Branch. Please review our privacy policy and Internet guidelines.
Send mail to UTMB Public Affairs with questions or comments about this web site.
Contact UTMB Public Affairs by telephone at (409) 772-2618 or (800) 228-1841;
by fax at (409) 772-6216; by mail at 301 University Boulevard, Galveston, Texas, 77555-0144,

http://www.utmb.edu/newsroom/04pr/oct/cancer.htm 2/25/2005



*  UJMB News Release Page 1 of 2

Department of Defense awards UTMB Researchers $1.1 Million to Combat Prostate Cancer
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FOR RELEASE: June 18, 2004

GALVESTON, Texas—Three University of Texas Medical Branch at Galveston (UTMB) faculty
members have won separate federal research awards for proposals that may lead to new strategies to
prevent, detect and treat prostate cancer. Prostate cancer is the second most common malignancy in
men after skin cancer, with an estimated 170,000 to 200,000 new cases annually in the United States
alone and 30,000 U.S. deaths each year.

The three awards, totaling $1,124,648, were won by UTMB scientists Rinat O. Esenaliev, Owen P.
Hamill and Jingwu Xie and were announced by the donor agency, the Department of Defense Prostate
Cancer Research Program.

Esenaliev’s research proposal — titled “Prostate Cancer Therapy with Novel Drug Delivery
Technique”™— puts forward a new way of selectively delivering any anti-cancer drug into prostate tumors
without damage to normal tissues surrounding the tumors. Using mice bearing human prostate tumors,
it employs ultrasound with small particles (nanoparticles) that selectively accumulate in the prostate
tumor blood vessels. The ultrasound radiation combined with the drug-bearing nanoparticles induces
formation, growth and collapse of tiny bubbles inside only the tumors, destroying the tumors and
sparing surrounding tissues. The award to Esenaliev, an associate professor of neuroscience and cell
biology and scientist with UTMB’s Center for Biomedical Engineering, is $566,250. Hamill's proposal
focuses on ultimately slowing or stopping the cell migration that helps spread prostate cancer tumor
cells to sites elsewhere in the body, usually to the bone. An associate professor of neuroscience and
cell biology, he theorizes that identifying and characterizing the molecules that enhance or suppress cell
migration should lead to new ways to measure disease progression to treat prostate cancer. Titled “The
Stretch-Activated CA2+-Permeable Channel: A Mechanosensory Switch for Invasiveness of Prostate
Tumor Cells,” Hamill's research proposal garnered an award of $113,250.

Xie, an assistant professor of pharmacology and toxicology and scientist with UTMB's Sealy Center for
Cancer Cell Biology, observes that only a minority of prostate cancer tumors rapidly progress to
become advanced cancers — the main cause of prostate cancer-related death. For that reason, he
aims to identify the genetic signaling pathways enhancing or retarding cancer progression to help
design strategies to combat prostate cancer. Specifically, Xie notes that two areas on a specific
chromosome region ranging from 10923 to 10926 are commonly missing in those advanced prostate
cancer, raising the possibility that their absence may facilitate development of prostate cancer. One
area is known to be the home of a tumor suppressor gene called PTEN, which is found at 10g23. The
other genes typically missing in those with prostate cancer haven't yet been identified, but Xie suggests
that another gene called Su(Fu), found at chromosme region 10g24 to 10q25, is also a tumor
suppressor. He hypothesizes that Su(Fu) forestalls development of prostate cancer by blocking
activation of what is known as the “sonic hedgehog” pathway. Sonic hedgehog is a signaling protein
essential to cellular functions such as tissue differentiation and cell proliferation. (It is named for a video
game character because of the similar spiky appearance of skin cells with mutations in the genes that
produce it.) In response to his grant of $566,148, Xie and his colleagues are (1) determining how

http://www.utmb.edu/scccb/news_release2.htm 2/25/2005
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frequently the sonic hedgehog pathway is activated in advanced prostate cancer; (2) using cell lines to
determine the mechanism by which Su(Fu) exerts its tumor-suppressing effects; and (3) using
genetically engineered mice to determine the role of the sonic hedgehog pathway in promoting
progression of prostate cancer.

~UTMB--
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Prostate cancer is the most common malignancy and the second leading cancerrelated
cause of death in men in the USA. Despite enormous efforts in understanding the molecular
basis of prostate cancer, very little progress has been made in prevention and treatment of
this often lethal cancer. Recent studies have demonstrated that hedgehog signaling is
frequently activated in advanced or metastatic prostate cancers. With small molecule
inhibitors available to analyze the hedgehog signaling pathway, a novel rationale for

| prostate cancer therapy can be devised.

Prostate cancer is the most common malignancy
and the second leading cancer-related cause of
death in men in the USA [1). Aging is an impor-
tant risk factor for prostate cancer, as over 70% of
all prostate cancer cases are diagnosed in men over
the age of 65 years. In addition, the incidence of
prostate cancer in African—American men is sig-
nificandy higher than that in Caucasian men. The
most common method to diagnose prostate can-
cer is a measurement of the serum level of pros-
tate-specific antigen (PSA). PSA screening has
contributed to the increased 5-year survival rate of
men diagnosed with prostate cancer. Radical pros-
tatectomy is an effective treatment strategy for
early prostate cancer; however, treatments for
metastatic prostate cancer are generally not effec-
tive. For example, hormone therapy only tempo-
rarily reduces tumor size and, often, the tumor
relapses a few years later due to androgen-inde-
pendent tumor growth. Currendy, little progress
has been made in the prevention of prostate can-
cer [1). Improved progress in these clinical areas
will require a more detailed understanding of
prostate cancer progression at the molecular level.

Development of prostate cancer is a multistep
process, from precursor lesions, to invasive carci-
noma, to metastatic tumor 12]. Gleason grading is
the most commonly used system to define the
aggressiveness of prostate cancer (3. A high
Gleason score suggests an aggressive tumor.
Currently, the molecular alterations which
accompany these morphologic changes remain
poorly defined.

Cyrtogenetic and allelic loss studies have iden-
tified a number of chromosome regions poten-
tially involved in prostate cancer development
and progression [4,5] (Figure 1), Despite the signif-
icance of allelic loss for prostate carcinogenesis,
no single tumor suppressor gene has been defini-
tively assigned a role in cancer progression. The

10.1517/1479-6694.1.3.331 © 2005 Future Medicine Ltd ISSN 1479-6694

tumor suppressor protein phosphatase and
tensin homolog deleted on chromosome ten
(PTEN) has proven to be one of the best candi-
date tumor suppressors for prostate cancer (6. In
addition to genetic dara, studies utilizing either
clinical human specimens or mouse models have
provided evidence of other molecules involving
prostate cancer initiation and progression.
Quantitative methylation-specific polymerase
chain reaction (PCR) of the glurathione-S-trans-
ferase P1 (GSTPI) promoter has demonstrated
near perfect specificity for cancer detection in
prostate biopsies, and these studies indicate that
GSTPI promoter hypermethylation is one of the
carliest biomarkers for prostate cancer (7). Loss of
p27%P! is another biomarker for prostate cancer
(8. The role of p27 in prostate cancer progression
is further supported by targeted gene disruprion
in mice, which results in hyperplasia of multiple
tissues including the prostate, and by the syner-
gism between p27 losses with PTEN inactivation
9. Overexpression of Bcl-2 is an important
marker of advanced, hormone-refractory pros-
tate cancer, and may be responsible for the resist-
ance of late-stage tumors to apoprosis [8). Recent
studies indicate a role of the hedgehog pathway
in the development of prostate cancer and will
serve as the focus of this review.

Hedgehog signaling in human cancers
The hedgehog pathway, initially identified in the
fruit fly, is a master regulator of cell proliferation,
tissue differentiation and tssue polarity. The
hedgehog (Hh) pathway plays a critical role in
embryonic development and rtissue polarity.
Activation of this pathway occurs frequently in
human cancer, whereas inacrivation of this path-
way is associated with developmental disorders.
The current understanding of the hedgehog
pathway will be discussed (Figure2). There are
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Figure 1. Major genetic alterations during prostate cancer progression.
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Several genetic alterations are reported in prostate cancer. Methylation of the GSTP1 promoter and loss of
chromosome 8p (containing the Nkx3.1 gene) are the early changes. Loss of 10g [containing the PTEN
gene), 13q (containing the Rb gene), loss of p27, p16 and gain of 8p and Xq are frequently found in
advanced prostate cancers. Loss of chromosome 17p (containing the p53 gene) and elevated Bcl-2
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three distinct hedgehog genes in humans, sonic
hedgehog, desert hedgehog and Indian hedge-
hog). These hedgehog proteins undergo similar
post-translational modifications [10]. Secreted
Hh molecules bind to the receptor patched
(PTCH), thereby alleviating PTC-mediated sup-
pression of smoothened (SMO). Expression of
sonic hedgehog (Shh) appears to stabilize SMO
protein possibly through post-translational mod-
ification of SMO. This effect of hedgehog mole-
cules can be inhibited by hedgehog-interacting
protein (HIP) through competitive association
with PTC p11]. In Drosophila, SMO stabilization
triggers complex formation with Costal-2, Fused
and Gli hemolog Cubitus interruptus (CI), which
prevents CI degradation and formation of a tran-
scriptional repressor. However, such a mecha-
nism has not been established in mammalian
cells. SMO ultimately activates transcription fac-
tors of the Gli family. There is genetic evidence
indicating that several proteins link SMO to Gli.
These signal transducers include Fu, suppressor
of fused (Su[Fu]), Rab23 and protein kinase A
(PKA) 121. As transcriptional factors, Gli mole-
cules can regulate target gene expression by
directly associating with a consensus binding site
(5'-TTTGGTTGCA-3") located in the pro-
moter region of target genes.

There are several regulatory feedback loops in
this pathway (Figure2). PTC, Glil and HIR
which are components of this pathway, are also
the rtarget genes, PTC and HIP provide a
negative feedback mechanism to maintain the

pathway activity at an appropriate level in a
given cell. In contrast, Glil forms a positive reg-
ulatory loop. Alteration of these loops will result
in abnormal signaling of the hedgehog pathway.
Studies on hedgehog signaling are accelerated
by availability of specific small molecular inhibi-
tor cyclopamine, a natural product from Ver-
atrum californicum, the corn lily 13 Several
synthetic compounds, which can promote or
inhibit SMO signaling, are also available (14.15).
The link between the hedgehog pathway and
human cancer was first identified in the Gorlin
syndrome, a disease with a high risk of basal cell
carcinomas (BCCs), medulloblastomata and
meningiomas [16.17). Loss-of-function mutations
of the patched gene (PTCH)! are the cause of
Gorlin syndrome. BCC, the most common
human cancer, consistently has abnormalities of
the hedgehog pathway and has often lost the
function of PTCH 1 via point mutations and loss
of the remaining allele. Most P7CH I mutations
lead to loss of the protein function. Elevated
expression of Glil is an important indicator of
this pathway activation in BCCs (18). Mice heter-
ozygous for a PTCHI null mutation exhibit a
high risk of cancers such as medulloblastomata,
rhabdomyosarcomas and BCCs, confirming that
PTCH1 functions as a tumor suppressor. Cur-
rently, Ptch1*/- mice represent the most practical
model of ultravioler (UV)-mediated BCC
In addition to PTCHI. somatic
murtations of SMO (19}, a purtative seven-trans-
membrane protein of the hedgehog pathway,

formation.

Future Oncol. (2005) 1(3)
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Figure 2. Components of the hedgehog pathway in mammals.

Three hedgehog homologs exist in humans: Shh, Ihh and Dhh. Hedgehog
receptor PTCH1 (and its homolog PTCHZ2, not shown in this diagram) inhibits
SMO signaling in the absence of hedgehog. Presence of hedgehog molecules,
however, desuppresses SMO activities, which result in Gli-dependent
transcription (three homologs exist in humans: Gli1, Gli2 and Gli3). Several
other signaling molecules are also involved in hedgehog signaling, including
Fu, Su(Fu), Rab23 and PKA. One unique feature of the hedgehog signaling
pathway is the existence of several regulatory feedback loops: PTCH1, HIP and
Gli1. However, signal transduction from SMO to Gli1 is still not very clear.
Presently, the molecular link from hedgehog signaling activation to tumor
formation is not known,

Dhh: Desert hedgehog; Fu: Fused kinase; HIP: hedgehog-interacting protein;
Inh: Indian hedgehog; PKA: Protein kinase A; PTCH: Patched; Shh: Sonic
hedgehog; SMO: Smoothened; Su(Fu): Suppressor of fused.

occur in sporadic BCCs. Activation of the
hedgehog pathway is also found in medulloblas-
tomata, small-cell lung cancer and gastrointesti-
nal tract cancers (Table 1) [20-24]. These findings
provide additional insight into the role of the
sonic hedgehog pathway in human cancer.

In summary, the hedgehog pathway is not
only one of the most important signaling path-
ways during embryonic development, but is also
highly activated in nearly 30% of all human
cancers. Recent studies from several groups indi-
cate an important role of the hedgehog pathway
in prostate cancer [25-28]. The authors shall
summarize recent findings regarding hedgehog
signaling during prostate development and in
prostate cancer.

www.futuremedicine.com

signaling in prostate cancer - REVIEW

Hedgehog signaling during formation
of the prostate gland

Formation of the murine prostate gland is
initiated through budding of the urogenital sinus
epithelium (UGE) into the surrounding mesen-
chyme to form the main prostatic ducts in
response to testosterone stimulation, which is fol-
lowed by duct formation, elongation and branch-
ing. The mature prostate gland is an intensively
branched ductal system enmeshed in a supporting
stroma and connected to the urethra by approxi-
mately 25 main ducts. Expression of Shh and its
warget genes, PTCH1 and Glil, is observed in the
prebudding stage; peaks in the budding stage and
then declines during ductal branching (29-31]. In
contrast, Shh is expressed in the UGE, Pichl,
Glil, and Gli2 are localized primarily to mesen-
chyme surrounding prostate buds. These observa-
tions suggest that epithelial hedgehog expression
activates stroma-mediared signals and stimulate
epithelial cell proliferation in a paracrine manner.

Expression of G/il and Ptchl can be induced
by an exogenous Shh peptide in the intact uro-
geniral sinus or in the isolated urogenital mesen-
chyme [29-31]. In the presence of Shh antibodies
or the hedgehog signaling inhibitor
cyclopamine, ductal morphogenesis is inhibited.
Shh mutant fetuses display abnormal urogenital
development and fail to form prostate buds.
Thus, Shh is critical for maintaining appropriate
prostate growth, proliferation and tissue polarity
during development of the prostate gland.

It is suggested that prostate progenitor cells
contain activated hedgehog signaling (27). Prostate
regeneration can be observed in rodent ventral
prostate through castration-induced androgen
withdrawal for 7 days, followed by androgen sup-
plementatdon. The ventral prostate regenerates to
its normal size after a 10-day course of androgen
supplementation. However, inhibition of the
hedgehog signaling by cyclopamine (or Shh anti-
bodies) prevents prostate regeneration, yielding a
prostate gland similar to the one after castration
(27]. This study demonstrates that hedgehog signal-
ing is critical for regeneration of adult prostate.
Thus, hedgehog-positive prostate epithelial cells
can be regarded as prostate progenitor cells.

Activation of hedgehog signaling in
prostate cancer

Evidence from several groups indicates that the
hedgehog signaling pathway is activated in sub-
sets of prostate cancer, particularly mertastartic
tumors (25-28]. [n vivo and in vitro data using
cultured prostate cancer cell lines demonstrate
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Table 1. Aberrant hedgehog signaling in human cancer.

Cancer Gene mutations

PTCH1, Su(Fu)
PTCH1, SMO
PTCH1, Su(Fu), SMQO
PTCH1

Basal cell nevus syndrome
BCCs

Medulloblastomata
Trichoepitheliomas
Gastric cancer
Esophageal cancer
Pancreatic cancer

Oral SCCs

Prostate cancer

SCLC

Su(Fu)

Gene Activation Refs
overexpression identified
Yes [16,17]
Yes (16,17,19]
Yes [32]
Yes [35]
Shh Yes [22]
Shh Yes [22)
Shh Yes [20,22]
Shh Yes [36]
Shh Yes [25-28]
Shh Yes [21]

BCC: Basal cell carcinoma; PTCH: Patched; Shh: Sonic hedgehog; SCC: Small cell carcinoma; SCLC: Small cell lung

carcinoma; SMO: Smoothened; Su(Fu): Suppressor of fused.

that inhibition of hedgehog signaling prevents
cell growth, inhibits cell
abrogates tumor metastasis in nude mice (25-28).
Thus, hedgehog signaling activation may be an
important mechanism for the development and
progression of prostate cancers.

invasiveness and

Detection of hedgehog signaling activation
in prostate cancers

Analyses of primary prostate cancers reveal elevated
hedgehog signaling in subsets of prostate cancers
125-28]. Due to the heterogencous nature of prostate
cancer, a pure population of tumor cells is required
for analysis of hedgehog target genes, which can be
obtained through dissected transurethral resection
of the prostate (TURP) or microdissected prostate-
ctomy specimens. One group did not find a signif-
icant activation of the hedgehog target gene Gl 1 in
the tumor samples (25, which could be due to alow
percentage of tumor content in the specimens since
only 5-30% of tumors exist in most prostatectomy
specimens. Using real-time PCR analyses, elevated
Glil and PTCH1 mRNA, indicators of the hedge-
hog signaling activation, were detected in all meta-
static prostate tumors and subsets of locally
merastasized tumors [25-28].

A large number of prostate cancer specimens
can be readily analyzed by in situ hybridization
and immunohistochemistry. /n situ hybridization
of Glil and PTCH1 indicates activation of the
hedgehog pathway in subsets of prostate cancers.
Expression of Glil mRNA is frequently detected
in the epithelium [28), and stromal expression of
Glil is also detected in some tumors (25]. Further
thorough analyses using a large number of clini-
cal specimens are needed o clarify these different
observations. The authors suspect that these

differences could be related to the known
heterogeneity of prostate cancer. Immunohisto-
chemistry studies indicate that expression of
hedgehog target genes PTCHI and HIP is fre-
quently observed in prostate cancers with high
Gleason scores or distant metastases 126,

There are several mechanisms by which the
hedgehog pathway can be activated. First, Shh
expression is significantly higher in prostate can-
cers [25-28], suggesting that elevated Shh expression
may contribute to the pathway activation in these
tumors. However, Shh overexpression is unlikely to
be the only trigger of hedgehog signaling activa-
tion since hedgehog signaling is tightly regulated
by feedback mechanisms in a given cell (Figure 2).

Another possibility is the elevated expression
of SMO, which is low in normal prostate (271. The
role of SMO for hedgehog signaling activation in
prostate cancer cells is demonstrated in the pros-
tate cell line Prel (27], which has no SMO expres-
sion and no hedgehog signaling activation.
Following ectopic expression of SMO, hedgehog
signaling activation is observed by luciferase
reporter assays. This activity can be suppressed by
cyclopamine or Shh antbodies. Further studies
are needed to determine the mechanisms for
SMQO induction in primary prostate tumors.

The third mechanism is through mutations of
other components of the hedgehog pathway. In the
authors’ studies, 11 of 27 PTCH1-positive pros-
tate cancer specimens have no detectable Su(Fu)
protein, a negative regulator of the hedgehog path-
way [26]. Two of these 11 tumors were shown to
contain Su(Fu) mutations 126). Previously, mura-
tions of Swu(Fu) have been identified in a subset of
medulloblastomara 132). Thus, inactivation of the
negative regulator Su(Fu) is another mechanism
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for hedgehog signaling activation. The overall
results from these studies indicate that the hedge-
hog pathway is frequently activated in advanced or
merastatic prostate cancers.

Association of activated hedgehog signaling
with cellular functions of prostate cancer
Several cell lines have been employed to
demonstrate the involvement of hedgehog signal-
ing for prostate cancer cellular functions, including
PC3, LNCap, Dul45, 22RV1 and several rodent
prostate cancer cell lines. In comparison with
immortalized prostate epithelial cell lines Prel and
RWPE-1, all prostate cancer cell lines have rela-
tively high levels of Glil and PTCH1 mRNA, sug-
gesting increased hedgehog signaling. Thus, it is
predicted that inhibition of the hedgehog pathway
by the SMO antagonist, cyclopamine, would
suppress cell proliferation and invasiveness.
Indeed, prostate cancer cells are often
responsive to treatment of cyclopamine although
variable inhibition is noted among different cell
lines [25-28). Following treatment with 5 pM
cyclopamine in PC3 cells, expression of hedgehog
target genes is dramatically suppressed, which is
accompanied with a significant reduction in bro-
modeoxyuridine (BrdU)-positive cells. This effect
is specific because addition of tomaridine, a non-
specific compound with a similar structure to
cyclopamine, had no effect on either target gene
expression or DNA synthesis [26. On the other
hand, the prostate epithelial cell line, RWPE-1,
which demonstrates no activation of the hedge-
hog signaling pathway, was not sensitive rto
cyclopamine, indicating that cyclopamine specif-
ically affects cells with elevared hedgehog signal-
ing. As a result, cell growth of PC3 cells can be
inhibited by cyclopamine, but not by romaridine.
Prostate cancer progression is accompanied by
increased cell invasiveness, and hedgehog signaling
is frequently activated in advanced prostate can-
cers. It is therefore predicted that cyclopamine may
inhibit cell invasiveness of prostate cancer cells.
Cell invasiveness can be examined by the cell’s abil-
ity to penetrate a martrix gel. In all prostate cancer
cell lines, but not in the control RWPE-1 cells, the
authors demonstrated that cyclopamine can
reduce cell invasiveness by 70% [26). Thus, hedge-
hog signaling activation regulates both cell prolif-
eration and invasiveness of prostate cancer cells.
Evidence indicates that Glil plays an important
role during hedgehog signaling activation in
prostate cancers [25-28]. First, Glil is highly ele-
vated in primary prostate tumors and cancer cell
lines. Second, cancer cells with ectopic expression
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of Glil are resistant to cyclopamine treatment
(26.27). Third, normal prostate epithelial cell lines
Prel and AT2.1, are significantly more aggressive
following ectopic expression of Glil [26.27).
Furthermore, inactivation of G by short inter-
fering RNA (siRNA) is sufficient to inhibit DNA
synthesis in prostate cancer cells (28],

Hedgehog signaling & tumor growth

in nude mice

In vitro data from several prostate cell lines predict
the importance of the hedgehog pathway in tumor
growth in vive. Using LNCap cells, Fan and col-
leagues have demonstrated the dependence of Shh
expression on tumor growth in nude mice (25]. Ele-
gant experiments by Beachy and co-workers have
provided direct evidence for Shh and rumor growth
(27]. First, tumors derived from human prostate
cancer cell lines PC3 and 22RV1 in nude mice are
all sensitive to cyclopamine treatment. By day 28
following subcutaneous injection, mice develop
tumors with a mean size of 155 mm?. In contrast,
mice treated with cyclopamine following cancer
cell inoculation have no visible tumors. Ectopic
expression of Glil renders these cells resistant to
cyclopamine treatment in mice, supporting the
specificity of the cyclopamine effects (27]. Second,
these investigators demonstrate, using a series of
rodent prostate cancer cell lines with different met-
astatic potentials, that hedgehog signaling activity is
associated with rumor metastasis. The highly meta-
static AT6.3 cells rapidly form tumors in nude
mice. These rumors metastasize to the lung, result-
ing in death in a few wecks. Following intraperito-
neal injection of cyclopamine, lung metastasis is
dramarically decreased, and the mice survive for a
longer period of time (27). Conversely, AT2.1 cells,
which have a low merastatic porential, do nor
metastasize to the lung following subcutancous
injection. However, ectopic expression of Glil in
this cell line significantly increases metastasis, fur-
ther supporting the role of hedgehog signaling in
prostate cancer progression and metastasis (27].

Conclusion

Several recent studies demonstrate that the
hedgehog pathway is activated in advanced pros-
tate cancers, as indicated by high expression of
hedgehog rtarget genes. These results further
demonstrate that hedgehog signaling is required
for cell proliferation, invasion and tumor
metastasis of prostate cancer cells. Thus, targeted
inhibition of the hedgehog pathway should be
effective in inhibiting prostate cancer progression.
The first clinical trial using hedgehog signaling

335



REVIEW - Xie

Bibliography

Papers of special note have been highlighted as
either of interest () or of considerable interest (=*)

to readers,

» 1. Jemal A, Murray T, Ward E et a/.: Cancer >4
statistics, 2005. CA Cancer |, Clin. 55(1).

inhibitor is already being initiated by Genentech
and Curis, Inc. It is anticipated that, in the next
few years, hedgehog signaling-based cancer
clinical trials will be carried out by multiple
pharmaceutical or biotechnology industries.

Future perspective

Although additional studies are needed to verify
hedgehog signaling in a large number of prostate
cancer specimens, recent studies provide a clear
rationale for prostate cancer therapy using
hedgehog signaling inhibitors.

Studies in other types of tumors have predicted
the feasibility for cancer therapy using hedgehog
signaling inhibitors. Using p53%, Ptchl*" mice as
a model for medulloblastomara, hedgehog signal-
ing inhibitors, HhAntag (Curis, Inc. and Genen-
tech, Inc) or cyclopamine, prevent tumor
progression and prolong medulloblastoma-free
survival of the mice (15,23,33]. Similarly, oral deliv-
ery of cyclopamine in drinking water prevents for-
mation of UV-induced BCCs and reduces the
number of mature BCCs (34 In these experi-
ments, long-term (20 weeks) treatrment of mice
with cyclopamine had no effect on the overall sur-
vival, suggesting that cyclopamine has few side
effects. A pilot study using cyclopamine in
patients with BCCs has also proven to be
beneficial in the treatment of these cancers [3s].

Currently, our understanding of the roles of the
hedgehog pathway in prostate cancer is rather lim-
ited. Thus, several important issues need to be
addressed before clinical therapeutics can be
effectively performed. First, we need to:

* Understand how the hedgehog pathway
interacts with other signaling pathways in
prostate cancers

* Demonstrate in a model system that activa-
tion of the hedgehog pathway is sufficient to
drive cancer progression in an organism (6,9]

* Understand the mechanism(s) by which
inhibition of hedgehog signaling prevent
tumor progression

» 3 Humphrey PA: Gleason grading and >
prognostic factors in carcinoma of the
prostate. Mad. Pathol 17(3), 292-306

(2004).

Dong JT: Chromosomal deletions and .
TUMOr SUPpressor genes in prostate cancer.

Cancer Met. Rev. 20(3-4), 173193 (2001).

[f encouraging results are obrtained in these studies
and following approval by the US Food and Drugs
Administration (FDA), it will be possible to test
the effectiveness of these inhibitors in clinical trials.

There are several considerations in the future
treatment of prostate cancers using hedgehog
inhibitors. First, hedgehog signaling should be
tested in the needle-core biopsies, which can be
best utilized for in situ hybridization. Another
possibility is to establish an enzyme-linked
immunosorbent based assay using patient’s
serum. Future studies in identifying sensitive and
cost-effective methods for detecting hedgehog
signaling will be extremely helpful.

Second, an effective agent should be selected.
Currently, there are several possibilities: Shh
antibodies, cyclopamine or its analogs, and Glil
siRNA [25-27]. Careful examination of Shh in
normal prostate epithelium should be assessed
before applying the antibodies because Shh is
expressed in both the tumor and some normal
epithelium of the prostate 125, Although
cyclopamine or its analog KAAD-cyclopamine is
effective in suppressing hedgehog signaling acti-
vation, a high concentration (at a micromolar
concentration range) is often needed to observe
biologic effects in cultured cells. Therefore, novel
inhibitors with efficacy in the nanomolar ranges
are needed for clinical application. Since
cyclopamine mainly rargets SMO, tumors with
alterations downstream of SMO are expected to
be resistant to cyclopamine. In fact, the authors
have demonstrated inactivation of Su(Fu) in
prostate cancers and other tumors [Unpublished
Dam) 126]. One possibility is to use Glil siRNA,
since recent data indicate that downregulation of
Glil may be an important mechanism by which
inhibition of the hedgehog pathway by
cyclopamine induces apoptosis 126.271. Sanchez
and colleagues also indicated that Glil siRNA
downregulated BrdU incorporation in prostate
cancer cells. Future improvements of current
in vivo delivery systems will be necessary for
siRNA-based therapeutics [28].

Wang S, Gao |, Lei Q et al.; Prostate-specific
deletion of the murine Pren tumor
suppressor gene leads to metastatic prostate
cancer. Cancer Cell 4(3), 209-221 (2003).
The tumor suppressor role of PTEN in
prostate cancer is demonstrated in a
murine model.

10-30 (2005).
»2.  Deutsch E, Maggiorella L, Eschwege P ezal: ™ 5.
Environmental, genetic, and molecular
features of prostate cancer. Lancer Oncol.
5(5), 303-313 (2004).
336

Gonzalgo ML, Isaacs WB: Molecular >

pathways to prostate cancer. /. Ural. 170(6
Pe 1), 2444-2452 (2003).

Henrique R, Jeronimo C: Molecular
detection of prostate cancer: a role for
GSTP1 hypermethylation. Eur. Urol 46(5),
660-669. Discussion 669 (2004).

Future Oncol. (2005) 1(3)



Hedgehog signaling in prostate cancer - REVIEW

Executive summary

Prostate cancer

* Prostate cancer is the most common malignancy and the second leading cancer-related cause of death in men in the USA. Despite
enormous efforts in our understanding of the molecular basis of prostate cancer, very little progress has been made in prevention
and treatment of this often lethal cancer. Recent studies have demonstrated that hedgehog signaling is frequently activated in

advanced or metastatic prostate cancers.

Hedgehog signaling in human cancers

» The hedgehog pathway, initially identified in the fruit fly, is a master regulator of cell proliferation, tissue differentiation and
polarity. The link between the hedgehog pathway and human cancer was first identified in the Gorlin syndrome, a disease with a

high risk of basal cell carcinomas (BCCs) and medulloblastomata.

» Loss-of-function mutations of the tumor suppressor patched (PTCH1) gene or gain-of-functions of proto-oncogene smoothened

(SMO) are the causes of hedgehog signaling activation in BCCs and medulloblastomata.

metastatic prostate cancers.

* Activation of the hedgehog pathway is also found in small-cell lung cancer, pancreatic cancer and gastrointestinal tract cancers.
* Recent data from several groups indicate that hedgehog signaling is activated in advanced prostate cancers.

Hedgehog signaling during formation of the prostate gland

= During development of the prostate gland, sonic hedgehog (Shh) is important for maintaining appropriate prostate growth,
proliferation and tissue polarity. Evidence also suggests that hedgehog signaling is critical for regeneration of adult prostate.

Activation of hedgehog signaling in prostate cancer
* Analyses of primary prostate cancers reveal elevated hedgehog signaling in subsets of prostate cancers, particularly advanced and

* There are several mechanisms by which the hedgehog pathway can be activated: overexpression of Shh, elevated expression of
SMO or downregulation of Su(Fu). Using a specific hedgehog signaling inhibitor cyclopamine, in cultured cell lines, it has been
demonstrated that hedgehog signaling activation is required for cell proliferation and cancer cell invasiveness.

= Published in vitro data demonstrates that tumor formation and metastases of prostate cancer cells in nude mice are dependent on
hedgehog signaling. Conversely, ectopic expression of Gli1, the downstream effector of the hedgehog pathway, in a
nontumorigenic prostate epithelial cell line is sufficient to cause tumor formation in nude mice. Experiments using specific short
interfering RNA of Gli1 demonstrate the importance of hedgehog signaling for DNA synthesis in prostate cancer cells.

* These results demonstrate that hedgehog signaling is required for cell proliferation, invasion and tumor metastasis of prostate
cancer cells. Thus, targeted inhibition of the hedgehog pathway should be effective in inhibiting prostate cancer progression.
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